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ABSTRACT 

Hydrogel inks used for 3D bioprinting are mainly based on radical polymerization of methacrylate 

groups. Inks based on the radical thiol-ene polymerization have raised attention in recent years, as 

they are not susceptible to oxygen inhibition and require lower light doses for polymerization, 

therefore, they can be more benign to living cells. Here, we modified hyaluronic acid inks with 

allyl ether or norbornene groups, which can form a crosslinked network in the presence of a dithiol 

crosslinker. We performed systematic studies to compare precursor stability, photocrosslinking and 

printability of the thiol-ene inks with methacrylated hyaluronic acid inks. Our results showed 
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higher storage stability of the thiol-ene hydrogel precursors over 15 months. Photorheology 

experiments demonstrated faster photocrosslinking and higher temporal control over the network 

formation in thiol-ene inks. The suitability of thiol-ene inks was demonstrated using digital light 

processing-based printing with a minimum print time of 2 s per layer and a xy resolution of 100 

µm.  
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INTRODUCTION 

Digital light processing (DLP) is a (bio)printing technique that allows the fabrication of complex 

3D structures.1–4 The printed scaffolds are fabricated layer-by-layer by projecting a specific pattern 

onto a liquid photoink which leads to spatially controlled photocrosslinking of the polymeric chains 

(Figure 1A). The printability and the printing resolution achieved with an ink depend on the 

crosslinking mechanism, the concentration of the functional groups, the viscosity, crosslinking 

kinetics, and the polymer content.5 Commonly used polymeric backbones for hydrogel-based 

(bio)inks are polyethylene glycol (PEG) or natural polymers such as gelatin (GEL) or hyaluronic 

acid (HA) modified with photocrosslinkable groups.6–10 

Photocrosslinking most commonly relies on polymerization of (meth)acrylate groups by radical 

polymerization. Radical polymerization proceeds by a chain growth mechanism and forms 

heterogeneous networks as the crosslinks consist of new polymer backbones generated by 

polymerizing through many vinyl groups in an uncontrolled manner (Figure 1B).11 A limitation of 

radical polymerization of (meth)acrylate groups for DLP printing is the sensitivity of the reaction 

to the presence of oxygen.12,13 In bioprinting, the presence of air is inevitable and the inhibition by 
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oxygen needs to be counteracted by increasing the photoinitiator concentration and by using higher 

light doses, which compromises cell viability.12 

Inks based on radical thiol-ene photopolymerization are interesting alternatives to radical 

(meth)acrylate polymerization. The radical thiol-ene reaction involves the addition of a thiyl radical 

to a vinyl group to form a thioether (Figure 1C). The polymerization proceeds via a step growth 

mechanism and results in nearly quantitative formation of the corresponding thioether and 

quantitative consumption of functional groups.2,12,14 The resulting networks show higher 

homogeneity than networks polymerized by chain-growth mechanism (Figure 1D). The radical 

thiol-ene reaction is not sensitive to oxygen as the generated peroxy radical readily abstracts a 

hydrogen atom from a thiol which can then proceed in the thiol-ene polymerization.12 The kinetics 

of the addition of the thiyl radical can be tuned by the chemical design of the ene: faster with 

electron rich or strained vinyl groups like vinyl ether (VE), allyl ether (AE) or norbornene (NB) 

groups and slower for electron poor vinyl groups or vinyl groups where the intermediate radical is 

stabilized as in methacrylate (MA).12,14 Thiol-ene polymerization offers higher conversion than 

radical polymerization of (meth)acrylate groups and requires lower light doses and fewer radicals 

15–17, leading to lower generation of reactive oxygen species and enabling higher cell viability.18–20  

HA is a non-sulphated glycosaminoglycan present in the extracellular matrix and widely used in 

biomedical applications. It is biocompatible, non-immunogenic and biodegradable by enzymes like 

hyaluronidase. The carboxylic acid and alcohol groups on the disaccharide units allow chemical 

functionalization with photocrosslinkable groups, making them suitable as crosslinked hydrogels 

for forming stable crosslinked networks with tissue-specific properties.5,6,8 The viscosity of HA 

inks can be adjusted by the molecular weight and the polymer concentration. This makes HA inks 

suitable for 3D printing techniques requiring high viscosity inks like extrusion printing and low 

viscosity inks like DLP printing. Reported HA inks contain 1.0% w/v to 5.1% wt functionalized 
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HA (51 to 1700 kDa) with viscosities ranging from 4 to 1000 mPa s (Table S1).21–28 Light-based 

3D printing of methacrylated HA (HA-MA) is often performed in combination with methacrylated 

GEL (GEL-MA) to introduce cell adhesive sides in the bioprinted scaffold. Such hybrid inks have 

been used to fabricate 3D tissue models for cartilage29, liver30, lungs31 or vasculature27 using DLP 

printing.   

HA based thiol-ene inks have been tested in extrusion25,32, inkjet21 and DLP22,26 printing 

processes. In DLP printing, Dhand et al. used a hybrid ink combining HA-MA with NB-

functionalized HA (HA-NB) and dithiol-functionalized admantane-β-cyclodextrin as crosslinker. 

In combination with lithium-phenyl-2,4,6-trimethylbenzoylphosphinat (LAP) as photoinitiator and 

tartrazine as photoabsorber, they printed scaffolds with a layer thickness of 100 µm at exposure 

times of 2.5 s per layer. Thiolated RGD cell adhesive peptide at 2 mM concentration was also 

included in the bioink and simultaneously linked to NB groups in the network during the printing 

process.26 Galarraga et al. used a NB with carboxylic acid substituents to increase the overall 

hydrophilicity of the NB group which increased the hydrolytic susceptibility of the ester bond 

between the HA backbone and NB group, rendering the prepared HA-NB gels hydrolytically 

degradable. Successful DLP printing was achieved with a 5% wt HA-NB ink containing 40% NB 

functionality and dithioerithrol (DTT) as crosslinker at thiol:ene ratio of 1, 1.7 mM LAP and 1 mM 

tartrazine. Scaffolds with 100 µm layer thickness and a minimum void space of 500 µm in the xy 

plane were obtained using 6 s exposure time per layer. Bioinks containing 2 mM thiolated RGD 

peptide and bovine bone marrow-derived mesenchymal stromal cells allowed printing scaffolds 

with >80% viability after 3 days.22  

Although HA based thiol-ene inks have already been tested in DLP printing, existing studies are 

limited to HA functionalized with NB as ene group and the advantages vs. the commonly used HA-

MA ink have not been systematically quantified and compared. Here we synthesized thiol-ene inks 
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with NB or AE groups and HA-MA derivatives from the same molecular weight HA and similar 

functionalization degree Fene with the aim to make a comparative study of their storage stability, 

rheological properties, photocrosslinking kinetics and printability. Our study quantifies the 

advantages that ene functionalized hydrogel precursors and corresponding thiol-ene based inks can 

offer in DLP printing.   

 

Figure 1. A) Schematic working principle of a DLP printer where the scaffold is printed layer-by-

layer. Projection of a photomask through the transparent bottom of the ink reservoir onto the liquid 

precursor solution leads to spatially controlled photocrosslinking of one layer. Raising the print 

head and illuminating again photocrosslinks the next layer. Created with BioRender.com B) 

Schematic representation of thiol-ene hydrogel formation: upon irradiation with light and in the 
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presence of photoinitiator, the dithiol crosslinker DTT reacts with the pendant NB groups on HA 

to create a crosslinked hydrogel network containing thioethers. C) Step-growth mechanism of the 

radical thiol-ene reaction. D) Schematic representation of hydrogel formation with MA groups: 

radical polymerization of MA groups proceeds via chain growth mechanism leading to multiple 

crosslinks per group and heterogeneous networks. 

 

MATERIALS AND METHODS 

Materials 

Hyaluronic acid (purity 97%) with 40-50 kDa molecular weight was purchased from Biosynth 

s.r.o. (Slovakia). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, purity 

≥99%) was bought from Carbolution Chemicals GmbH (Germany). Allyl glycidyl ether (purity 

>99.0%) and 5-norbornene-2-methylamine (purity >98.0%) were purchased from TCI Chemicals 

(Belgium), dithiothreitol (DTT, purity 98%) from abcr GmbH (Germany). D2O for 1H NMR 

spectroscopy was purchased from Deutero (Germany). All other reagents were obtained from Carl 

Roth GmbH (Germany) and Sigma-Aldrich (Germany).  Methacrylated hyaluronic acid was 

synthesized as described previously.33 

 

Synthesis of HA-NB 

Norbornene-functionalized hyaluronic acid (HA-NB) was synthesized using EDC/N-

hydroxysuccinimide (NHS) coupling according to a previously reported protocol by Bian et al.34 

HA (5.00 g, 12.47 mmol disaccharide repeating units) and NHS (2.87 g, 2 eq.) were dissolved at 

1% w/v of MilliQ H2O. After complete dissolution, EDC (9.56 g, 4 eq.) was added as solid and the 

solution stirred for 2h at room temperature. 5-Norbornene-2-methylamine was added (6.14 g, 4 

eq.) to the reaction mixture and stirred at pH = 4.75 for 24 h. During the reaction, pH was adjusted 
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several times to 4.75 using 1.0 M NaOH and 1.0 M HCl. Subsequently, pH was adjusted to 7.0, 

NaCl concentration increased to 2 M and the solution precipitated into 1000 mL ice-cold ethanol. 

After filtration under reduced pressure, the precipitate was washed with ethanol several times and 

redissolved in 100 mM NaCl at 1% w/v. The solution was transferred in a dialysis bag (MWCO 

3.5 kDa, SpectraPor) and dialysed against 100 mM NaCl solution for 24 h and against MilliQ H2O 

for 48 h. At last, the solution was lyophilized to obtain HA-NB as solid. 

 

 Synthesis of HA-AE 

Allyl ether modification of hyaluronic acid was obtained by basic ring opening of allyl glycidyl 

ether following a previously reported protocol for the synthesis of AE modified dextran.35 HA (2.5 

g, 6.23 mmol disaccharide repeating units) was dissolved at 5% w/v in 0.1 M NaOH and stirred for 

30 min. After addition of allyl glycidyl ether (2.1 g, 3 eq.), the solution was stirred at 35 °C for 24 

h. The reaction mixture was precipitated in 250 mL ice-cold ethanol and subsequently filtrated and 

washed as described before. The solid was redissolved in MilliQ H2O and dialysed against MilliQ 

H2O for 48h. Lyophilization yielded HA-AE as white solid. 

 

1H NMR analysis 

1H NMR spectra were recorded using a Bruker Avance 300 spectrometer in D2O at 298 K with 

a number of scans of 256 and a relaxation delay of 10 s. Chemical shifts are reported in parts per 

million (δ ppm) with the 1H NMR solvent peak (D2O: δ = 4.79 ppm) as reference. Analysis of 

spectra was conducted using Bruker’s TopSpin software.  

 

Determination of degree of functionality 
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To determine degree of alkene functionalization (Fene) of HA-X, 1H NMR spectrum of the 

polymer dissolved at 15 mg mL-1 in D2O was recorded. Peak area of the acetyl proton signal of 

hyaluronic acid at 1.97 ppm was compared to the corresponding alkene protons of the attached AE-

, NB- or MA groups in the vinyl region (6.30–6.20 ppm). A more detailed description of the 

functionality calculation can be found in the Supporting Information.  

 

Size exclusion chromatography (SEC) 

SEC was performed with a PSS system using a combination of a PSS SUPREMA LUX pre-

column and a PSS SUPREMA LUX analytical column equipped with refractive index detector and 

with 0.07 M Na2HPO4 and 20% acetonitrile, pH = 9 as mobile phase.  

 

Precursor stability in storage 

To assess storage stability of different HA derivatives, solid polymers were stored at room 

temperature in the dark. After different time points (t = 0, 4, 8, 12, and 15 months), each derivative 

was dissolved at 15 mg mL-1 in D2O and 1H NMR spectrum was recorded. In addition, a sample 

from each timepoint was subjected to SEC analysis.  

 

Calculation of molecular weight per alkene unit 

First, the apparent average molar mass of the repeating units in the functionalized hyaluronic 

acid derivative was calculated by the ratio of the molecular weight (MW) of the native HA repeating 

unit and the functionalized repeating unit HA-X where X can be either AE, MA or NB depending 

on the derivative: 

𝑀𝑊(average)  =  𝑀𝑊(HA)  ∗  (1 −  𝐹ene)  +  𝑀𝑊(HA‑X)  ∗  𝐹ene (1) 
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Fene was the functionality determined for the respective batch. From the average molecular 

weight per repeating unit, the molecular weight per alkene unit MW(ene) can be calculated as 

followed: 

𝑀𝑊(ene)  =  
𝑀𝑊(average) 

𝐹ene

 
(2) 

 

Calculation of thiol concentration for hydrogel precursor solution 

In all experiments involving thiol-ene inks, we used equal moles (n) of alkene (ene) and thiol 

(SH) functional groups: 

n(ene) = n(SH) (3) 

With a final polymer concentration of c(HA-X) = 4% w/v, the volume V of the solution and the 

previously calculated molecular weight per alkene unit MW(ene), n(ene) can be re-expressed as 

𝑛(ene) =
𝑐(HA − X) ∗ 𝑉

𝑀𝑊(ene)
= 𝑛(𝑆𝐻) 

(4) 

Considering that the used crosslinker is bifunctional and therefore n(SH)=2*n(DTT), the 

necessary concentration of DTT in the final solution in % w/v can be calculated by 

𝑐(𝐷𝑇𝑇) =
𝑛(𝑆𝐻) ∗ 𝑀𝑊(𝐷𝑇𝑇)

2 ∗ 𝑉
 

(5) 

Substitution of eq. 1 for n(SH), c(DTT) can be expressed as 

𝑐(𝐷𝑇𝑇) =
𝑐(HA − X) ∗ 𝑀𝑊(𝐷𝑇𝑇)

2 ∗ 𝑀𝑊(ene)
 

(6) 

 

Preparation of hydrogel precursor solution 

First, the required amounts of polymer, DTT, LAP and PBS to obtain a 4% w/v HA-X solution 

were calculated using the functionality Fene and the resulting MW per alkene unit of the specific 

batch to ensure that the final thiol:ene ratio is 1.00. HA-AE, HA-MA or HA-NB were dissolved in 

PBS, pH = 7.3 in UV-blocked 50 mL falcons on a shaker at 350 rpm for 60 min. Stock solutions 
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of LAP (1.0% w/v) and DTT (5.0% w/v) were prepared in PBS and right before the addition the 

polymer solution to prevent disulfide formation in DTT. To thiol-ene inks, DTT was added as 

dithiol crosslinker in an equimolar ratio of n(SH) and n(ene). As last step, the photoinitiator was 

added to obtain a final concentration of 0.1% w/v.  

 

Crosslinking kinetics and mechanical properties of hydrogels by rheology 

Rheological properties and curing kinetics of different hyaluronic-based hydrogels were 

determined using a rotation rheometer (DHR3, TA Instruments, USA) equipped with a 12 mm 

parallel plate geometry as upper plate and a transparent lower plate connected to a UV/Vis 

illumination source (Omnicure, Series 1500) with a 400–500 nm filter to allow in situ curing of 

hydrogels at room temperature.  For each polymer HA-NB, HA-MA and HA-AE, hydrogel 

precursor solutions were prepared as above. An aliquot was loaded onto the transparent lower plate 

of the rheometer using a micropipette and the upper parallel plate was lowered to a gap size of 300 

µm. The sample was surrounded with silicone oil to prevent evaporation and covered with a metal 

cover to avoid disturbance during the measurements. Strain sweeps (0.1 to 100% strain at frequency 

= 2 Hz) and frequency sweeps (0.01 to 100 Hz at strain = 1%) were performed on previously 

crosslinked hydrogels to determine the linear viscoelastic region. Time sweeps where then carried 

out in the determined parameters. Storage and loss moduli were recorded over time using 

1% applied strain and 2 Hz frequency. For continuous curing measurements, the samples were 

irradiated with 400–500 nm light (15 mW cm-2) from the 60-s time point onwards using TRIOS 

software to automatically start the illumination. For sequential curing measurements, the same light 

source was switched on and off manually. To compare crosslinking kinetics of the different HA 

derivatives, the gel point tgel where G’ = G” was compared. Stiffness of the hydrogels were 

determined by comparing G’ after 20 min of irradiation.  
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Viscosity measurements 

The rheological properties of the uncured precursor solutions were characterized with a modular 

compact rheometer (MCR, Anton Paar, Austria) was equipped with a 50 mm, 1° cone plate 

geometry and Peltier stage temperature control system. Temperature was set to 25 °C. First, HA-

AE, HA-NB and HA-MA were dissolved at 4% w/v in PBS without photoinitiator and dithiol 

crosslinker. The solution was placed on the lower plate and the gap lowered to 105 µm. The 

temperature was held for 1 min and then viscosity was measured in rotational mode at shear rates 

from 0.1 to 500 s-1 at 25 °C.  

 

Determination of degree of thiol-conversion (Ellman’s assay) 

To quantify the thiol conversion in photocrosslinked thiol-ene hydrogels, we used Ellman’s assay 

to detect free thiols.36 The protocol was adapted from the manufacturer’s instruction. In short,  

crosslinked hydrogels (20 µL) of HA-AE (c(SH)initial = 39.6 mM) and HA-NB (c(SH)initial = 35.4 

mM) were incubated with an excess of a 0.2 mM 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) 

solution (5 mL) in Ellman’s buffer (0.1 M sodium phosphate, 1 mM EDTA, pH = 8.0). Thiol 

containing standards were prepared by diluting a freshly prepared DTT stock solution (10 mg mL-

1, c(SH) = 129.7 mM) with PBS to final concentrations ranging from 0 to 3 mM SH. 20 µL of the 

standards or hydrogel precursor solutions were incubated along with the hydrogels in 0.2 mM 

DTNB (1 mL) for 90 min in the dark. 100 µL of supernatant were transferred into a new well plate 

and the absorbance was measured at 412 nm using a Tecan inifinite 200Pro plate reader. The thiol 

content in the samples was calculated using the calibration curve prepared by the DTT standards. 

Finally, the conversion of thiols was determined by comparison of the initial thiol concentration in 

the hydrogel precursor solution and the thiol content found in the crosslinked hydrogel. 
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Determination of minimum exposure time per layer in DLP printing 

Printing of hydrogel scaffolds was conducted using a DLP based stereolithography printer 

developed and manufactured by Cellbricks GmbH. The 3D model of the printed scaffold was 

created using a computer-aided software (CAD) and processed and sliced into different layers by 

the printer itself. Before each experiment, the printing platform was calibrated to set z = 0. Inks for 

printing experiments was prepared freshly as described before. In addition, the solution was filtered 

through a 0.45 µm syringe filter and centrifuged to remove any particles or bubbles. Approx. 1 mL 

ink was loaded into the ink bath consisting of a transparent, hydrophobic foil which allows 

illumination from the bottom. The constructs were fabricated layer by layer in a stereolithographic 

process: the first layer was photopolymerized directly on the printing platform and the subsequent 

layers on top of the previous one by projection of a specific mask with blue light illumination (385 

nm, 20 mW/cm2). After printing one layer, the printing platform was lifted by 1 mm with a speed 

of 20 mm s-1 to then lower in the ink to print the next layer. Each model consisted of three layers 

(1 mm layer height) resulting in final height of 3 mm with a diameter of 6–9 mm. The printing time 

per layer tlayer was varied to determine the minimum and maximum exposure time per layer. After 

printing, the scaffold was detached from the printing platform and inspected by eye to determine 

whether the used exposure time per layer resulted in an undercured, cured or overcured scaffold. 

The time where the scaffold was no longer undercured but cured i.e. had the desired dimensions of 

the CAD model, was defined as minimum tlayer. The maximum tlayer designated the exposure time 

per layer where the scaffold was cured but higher tlayer resulted in overcuring. 

 

Determination of printing resolution 
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To determine the xy resolution of the different compositions, a CAD model with positive (1000 

µm length) and negative (2000 µm length) features with decreasing width (500 to 100 µm length) 

was designed. Inks were prepared as described before. The CAD model was loaded into the 

software of the printer, sliced and the printing platform was calibrated. A coverslip with 24 mm 

diameter was semi-permanently fixed on the printing platform using a photocurable PEG diacrylate 

ink.  The ink was loaded into the vat, the printing platform lowered into the ink and the designated 

construct printed. The model consisted of one layer (1000 µm layer height) with a length of 13.5 

mm and width of 4 mm. After printing, the scaffold was carefully washed with PBS to remove 

uncured ink, detached from the printing platform, and imaged with a microscope (Leica DMi1, 

Keyence, Osaka, Japan) equipped with 4x and 10x objectives. Feature sizes were measured using 

the microscope software.  

 

RESULTS AND DISCUSSION 

Bioink formulation 

HA solutions exhibit relatively high viscosity due to intra- and interchain hydrophobic 

interactions and hydrogen bonds.37 High viscosity can be problematic for SLA printing by 

restricting flow away from the cured layers and solution refill in the ink reservoir when the printing 

platform is raised.38 Successful DLP printing has nonetheless been reported using 88 kDa HA-NB 

at polymer concentration of 5 wt%,22 and 1000 kDa HA-MA at a concentration of 1–2% w/v,27 

summarized in Table S1. For our study, we selected HA with a molecular weight of 40–50 kDa 

and targeted a polymer concentration of 4% w/v for our ink formulation. This molecular weight 

and concentration are both lower than reported values22 and viscosity was therefore expected to be 

low enough for DLP printing. 
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The reactivity of enes in the radical thiol addition follows the sequence NB > VE > alkene > AE 

> acrylate > maleimide > MA.14 This trend largely corresponds to decreasing electron density, with 

NB particularly reactive due to the release of ring strain and MA particularly unreactive due to 

intermediate radical stabilization.14 For our inks we selected the NB and AE groups as -enes with 

high and intermediate reactivity. In contrast to (meth)acrylate groups, NB and AE groups cannot 

undergo thiol-Michael addition which ensures that crosslinking proceeds only in the presence of 

radicals to give high temporal control over the network formation in photoinitiated systems. It also 

avoids side reactions with other nucleophiles e.g. on the cell surface leading to higher cell 

viability.18,23,39–41 In addition, NB and AE groups are not prone to autopolymerisation42–45 which 

should increase the polymers’ storage stability.  

In this work we compared three HA-X derivatives where X stands for the pendant functional 

group NB, AE or MA. We aimed for HA-X with a Fene of 30–50% to obtain stable hydrogel 

networks, where Fene is the number of functional groups per HA disaccharide repeating unit. We 

aimed for thiol-ene inks with high hydrolytic stability so that significant degradation in a cell 

culture scenario could only occur by the addition of enzymes. We therefore introduced the ene 

functionalities onto the HA backbone via an amide in HA-NB and an ether bond in HA-AE. These 

bonds should provide inks which are more stable than ester bonds in HA-MA and cannot be 

degraded by hydrolysis.  

 

Synthesis of photopolymerizable HA-X  

Synthesis and chemical characterization of HA-AE and HA-NB 

The syntheses for HA-NB and HA-AE were refined from reported one-step processes in non-

toxic solvents.34,35 To synthesize HA-AE, the primary alcohol group on the C-6 of the N-acetyl-d-

glucosamine unit in HA was deprotonated in basic medium and reacted with allyl glycidyl ether 
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through a nucleophilic ring opening reaction (Scheme 1A).35 The functionalized polymer was 

purified by precipitation and dialysis and lyophilized. The derivatization of the HA was 

corroborated by 1H NMR spectroscopy. The vinyl protons of AE appeared between 5.15 and 

5.36 ppm and confirmed the presence of the allyl group. The Fene was determined by the integral 

ratio of the vinyl protons relative to the acetyl group of HA (δ = 2.03 ppm) to give Fene = 0.42 ± 

0.03. SEC analysis of HA-AE showed no significant differences between the elugrams of HA and 

HA-AE, indicating that no degradation or crosslinking of the polymeric chains occurred during the 

synthesis and purification steps (Figure S2). By decreasing the equivalents of allyl glycidyl ether 

in the reaction mixture from 3 to 1.5, HA with a Fene of 0.2 was obtained. HA-AE polymers were 

soluble in water at tested concentrations up to 5% w/v. For the following studies we used HA-AE 

with Fene = 0.40–0.47. 

 

HA-NB was prepared by activating the carboxylic acid group of HA with EDC and NHS in H2O 

followed by reaction with 5-norbornene-2-methylamine in one step at pH = 4.75. For purification 

of batches >1 g, an intermediate precipitation step in ethanol was added to remove the excess EDC 

and reduce dialysis time. For the precipitation in ethanol, the pH and salt concentration in the 

reaction mixture were adjusted to reported concentrations used for the purification of native HA 

out of broth (pH = 7.0, 2 M NaCl).46 This step allowed precipitation of the HA even from solutions 

at concentrations below 1% w/v, thereby decreasing the dialysis time. The appearance of three 

peaks in the 1H-NMR spectrum between 5.88 and 6.28 ppm confirmed the successful coupling of 

NB to the polymer backbone (Figure S2). Fene was calculated from the integration of the vinyl 

protons of NB relative to the acetyl protons of HA (δ = 1.97 ppm). An Fene of 0.41 ± 0.03 was 

achieved under our reaction conditions. HA-NB with a lower Fene of 0.12 ± 0.03 could be obtained 

using lower EDC and 5-norbornene-2-methylamine concentrations in the reaction mixture. The 
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molecular weight distribution of the HA-NB polymer was similar to that of the original HA, 

indicating that the reaction and purification conditions did not lead to coupling or degradation of 

the HA chains. The SEC traces did not differ from batches purified by dialysis without precipitation 

(Figure S2). For further experiments, HA batches with Fene = 0.36–0.42 were used. This polymer 

was soluble in water at all used concentrations.  

In contrast to most reported HA-NB syntheses,21,26,47,48 our EDC/NHS synthesis route is 

considerably less labour intensive and does not require the use of organic solvents like dimethyl 

sulfoxide or dimethylformamide. In one popular method, HA is first converted into a 

tetrabutylammonium salt and then reacted with either 5-norbornene-2-methylamine or 5-

norbornene-2-carboxylic acid in dimethyl sulfoxide, requiring up to 14 days of dialysis for 

purification.26,47,48 In a different approach, the NB is introduced in two steps by first attaching 

adipic acid dihydrazide to the carboxylic acid of HA, followed by purification and reaction with 

cis-5-norbonenen-endo-2,3-dicarboxylic acid.21 Our synthesis method only requires one synthesis 

step and uses water as solvent. A recently published protocol by Plaster et al. uses a similar 

approach to synthesize HA-NB using an aqueous buffer system and the water-soluble triazine 

derivative 4-(4,6-dimethoxy-1,3,5-triazin-2-yl) 4-methylmorpholinium chloride as coupling 

agent.49 

HA-MA was synthesized as described before.33 In short, HA was dissolved at 2% w/v in PBS 

and reacted with methacrylic anhydride for 24 h at 5 °C (Scheme 1). For our studies we used HA-

MA with Fene = 0.39–0.42. 

 

Scheme 1. Synthesis of HA-X derivatives. (A) HA-NB was synthesized with EDC/NHS coupling 

and 5-norbornene-2-methylamine, (B) HA-AE was synthesized with allyl glycidyl ether under 

basic conditions and (C) HA-MA was synthesized using methacrylic anhydride. 
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Storage stability of photopolymerizable HA-AE/NB/MA prepolymers 

We tested the stability of the synthesized HA derivatives by 1H NMR spectroscopy and SEC 

analysis. The polymers as solid samples were stored at room temperature in the dark for 15 months. 

At different time points, solid samples were dissolved at 15 mg mL-1 in D2O and 1H spectra were 

recorded (Figure 2). The NMR spectra of HA-AE and HA-NB showed no changes in the vinyl 

proton signals in the 15 months, whereas HA-MA showed additional peaks in the spectrum already 

after 4 months of storage. The stability studies confirm the higher storage stability of hydrogel 

precursors for thiol-ene inks.  
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Figure 2. Stability study of HA-X prepolymers over 15 months storage at room temperature in the 

dark, as measured by 1H NMR. Asterisks indicate the appearance of new signals during storage 

time. 

 

Viscosity of the inks  

DLP printing requires low viscosity inks to ensure the fluid can flow away from the cured 

material and hollow parts while the printing stage is lifted, and to allow refill of the ink under the 

raised scaffold for recoating. While literature reports DLP printing of inks with viscosities between 

4 mPa s and 2000 mPa s, a viscosity <100 mPa s is more advantageous for good 

printability.22,25,27,38,50,51 In our study, HA-X solutions at 4% w/v in PBS showed viscosities well 

below 100 mPa s (Figure S3) and, therefore, were considered suitable for DLP printing. Within the 

tested conditions, the inks mostly exhibited a Newtonian behaviour i.e. constant viscosity with 

varying shear rate which is characteristic of diluted polymer solutions.23,24,52 While HA-AE possess 
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an overall lower viscosity than native HA, the viscosity of HA-NB and HA-MA is higher. 

Introduction of functional groups can change the ionic character and the conformation of the 

polymeric chains in solution and lead to differences in the viscosity of solutions containing 

different modified HA derivatives.53,54 

 

Study of crosslinking kinetics and mechanical properties by rheology 

To investigate the crosslinking kinetics of HA-X hydrogels, we used oscillatory shear rheology 

and in situ illumination at 400–500 nm to initiate photopolymerization. These conditions reflect 

the typical illumination conditions of DLP printers for bioprinting. Figure 3A shows the evolution 

of the shear moduli with light exposure time. Table 1 shows the comparative values of the gelation 

time tgel and the value of the shear modulus at full crosslinking (G’20min) extracted from the curves. 

tgel is the time needed to reach the gelation point which is defined as the crossover point of storage 

and loss modulus, G’ = G”.55 At the gel point, the polymer solution transitions from a liquid-like 

(viscous) behaviour to a solid-like (elastic) state corresponding to a three-dimensional network. 

G’20min reflects the stiffness reached by the hydrogels after crosslinking and 20 min light exposure. 

The HA-NB ink showed the shortest gelation time (tgel = 9.0 ± 0.7 s) while HA-AE took longer (tgel 

= 21.4 ± 1.2 s). The rapid reaction of NB is a consequence of the ring strain which is released upon 

the addition of a thiyl radical.14 Both HA-NB and HA-AE inks reached a similar value of G’20min 

= 8 kPa, suggesting a similar internal structure of the final network.  

The HA-MA showed a different behaviour. The gelation time was longer (tgel = 42.2 ± 2.4 s) and 

the reached G’ value after 20 min of light exposure was approx. 3 times higher than in the thiol-

ene crosslinked inks. The longer gelation time can be explained by the different radical 

polymerisation mechanisms: step-growth polymerization in thiol-ene reaction and chain-growth 

polymerization in the methacrylate case. Besides the different network growth, oxygen inhibition 
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can lead to longer gelation times in radical polymerization whereas the thiol-ene reaction is not 

inhibited by oxygen. The higher stiffness (G’20min = 26 kPa) achieved by HA-MA compared to the 

thiol-ene hydrogels is attributed to the different network structure resulting from the different 

polymerization mechanisms. In the radical polymerization of HA-MA each polymerized 

methacrylate unit links to two neighbours (Figure 1B), while in the radical thiol-ene reaction the -

ene functions only form a single linkage to the dithiol crosslinker (Figure 1D). This leads to a 

looser network and lower G’ in the thiol-ene hydrogels.  

 

Figure 3. Rheological characterization of HA-X ink photocuring. A) Evolution of storage modulus 

G’ (continuous line) and loss modulus G” (dashed line) of HA-X precursor solutions during 

photocrosslinking (400–500 nm, 15 mW cm-2). Exposure started at t = 0 s. B–D) Evolution of 

storage modulus of HA-X hydrogel precursor solutions upon sequential irradiation at 400–500 nm, 

15 mW cm-2. Shaded boxes indicate the periods where the light was switched on. Polymers were 

dissolved at 4% w/v in PBS. Solutions contained 0.1% w/v LAP as photoinitiator. The thiol-ene 

solutions HA-AE and HA-NB contained DTT as crosslinker at 1:1 thiol:ene ratio. N = 3. 
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Table 1. The composition, gel point tgel and storage modulus G’20 min of different HA-X precursor 

solutions determined by oscillatory shear rheology and in situ illumination. All samples contained 

0.1% w/v LAP as photoinitiator.  

HA-X Fene 
cHA-X  

(% w/v) 

cDTT  

(% w/v) 

tgel  

(s) 

G’20 min  

(kPa) 

HA-NB 0.36 4.0 0.27 9.0 ± 0.7 8.1 ± 0.9 

HA-AE 0.46 4.0 0.35 21.4 ± 1.2 8.0 ± 1.2 

HA-MA 0.39 4.0 - 42.2 ± 2.4 25.5 ± 2.0 

 

In a photoinitiated radical polymerization, tuning the light intensity and illumination profile 

allow control over the crosslinking progress. This was tested in two different experiments. HA-NB 

inks were exposed to 365-nm light of increasing irradiance between 1 and 6 mW cm-2. At 

6 mW cm-2 gelation occurred in less than 1 s. Decreasing the irradiance to 1 mW cm-2 increased 

the gelation time to approx. 5 s (Figure S4).  We also monitored the crosslinking during step-wise 

exposure with 400–500-nm light at 15 mW cm-2 (Figure 3B,C). Thiol-ene crosslinked hydrogels 

showed an increase of G’ during the illumination periods and a constant G’ during the dark periods, 

indicating that the crosslinking starts and stops with the light exposure. This offers precise temporal 

control over the network formation. In contrast, the storage modulus in the HA-MA system also 

increased after the light was switched off. This indicates that the macroradicals in the forming 

network do not undergo a fast termination and continue to propagate in the dark phase provided 

there are still available vinyl groups. 

 

Calculation of the conversion of the thiol-ene polymerization reaction by quantification of the 

free thiol end groups 
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The degree of crosslinking in a thiol-ene crosslinked hydrogel can be quantified by reacting the 

free thiol groups with the Ellman’s reagent, DTNB.21,26,36 The reaction leads to a disulfide and a 

free TNB anion that absorbs at 412 nm. We found a thiol conversion of 77 and 78% in HA-AE and 

HA-NB hydrogels prepared with stochiometric concentrations of thiol and ene functions after full 

exposure. The incompleteness of the crosslinking reaction is attributed to the limited mobility of 

the dithiol crosslinkers once attached to a HA chain by one end, which reduces their probability to 

meet remaining alkene groups at more distant positions in the network. Such free thiols can be 

exploited for post-polymerization functionalization of the hydrogels.36  

 

DLP-based SLA printing 

We tested the printability of the HA-X inks using a DLP printer. The following formulation was 

used in the printing experiments: 4.0% w/v HA-X, 0.1% w/v LAP, and for the thiol-ene inks, DTT 

at a thiol:ene ratio of 1.  

Determination of printing speed 

We first printed layers of 1-mm thickness to complete a 3-layered disc with a diameter of 6–

9 mm.  The exposure time per layer was increased between 1 and 50 s and the resulting discs were 

imaged to compare the dimensions and the contours of the disc. Undercured prints showed smaller-

than-targeted dimensions while overcured prints showed larger-than-targeted dimensions and 

oblique walls. Figure 4 shows representative images of HA-X scaffolds printed with different 

exposure times. 

Using HA-NB ink, a minimum exposure time per layer (tlayer) of 2 s gave a printed scaffold with 

the targeted dimensions, while HA-MA required tlayer of 10 s. Surprisingly, the minimum tlayer for 

HA-AE was also 10 s which did not reflect its faster curing vs HA-MA found in photorheology 

experiments. The reason for this difference is not known at this point. HA-NB allowed 5-fold faster 
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printing compared to HA-MA, which is comparable to the fold-difference obtained for tgel of the 

two inks in photo-rheology experiments. The significantly faster printing of HA-NB is particularly 

interesting in bioprinting, where shorter exposure times minimize cellular photodamage and the 

time cells are exposed to an environment outside of ideal growth and incubation conditions. This 

is especially important for bioprinting with sensitive cells and for fabricating large and complex 

scaffolds.  

 

Figure 4. Determination of minimum and maximum exposure time tlayer for HA-X hydrogels. 

Comparison of the printed structure to the CAD model allowed qualitive assessment of undercured, 

cured and overcured prints.   

 

Determination of xy resolution 

Printing resolution defines minimum feature size that can be printed. In DLP-based 3D printing, 

resolution depends on the diffusion rate of the reactive species inside the ink, the kinetic of the 
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crosslinking reaction and on the magnification of the light source (i.e. pixel size).5 To achieve high 

resolution in the printed structure, the crosslinking reaction ideally occurs fast to limit diffusion of 

the reactive species outside of the illuminated zone.57 

To test the spatial resolution of printed scaffolds obtained from thiol-ene based inks, we printed 

single 1000-µm thick layers containing rectangular positive and negative features which we refer 

to as protrusions and channels. Protrusions were 1 mm long and channels were 2 mm long, and 

their widths decreased from 500 to 100 µm (Figure 5A). To avoid damage of the scaffold during 

handling, the structures were printed directly on coverslips attached to the printing platform. HA-

NB was printed with tlayer = 2.7 s. The microscopy image of the printed structure shows well defined 

features down to 100 µm width with good dimensional agreement with the theoretical size in the 

CAD model (Figure 5B,C). HA-NB therefore allows printing of structures with high resolution 

and high shape fidelity. To our knowledge, this is the smallest printed feature size demonstrated 

with hyaluronic acid-based inks in DLP printing. Previous studies reported a maximum xy 

resolution in the range of 250–400 µm using hyaluronic acid based inks and DLP printing (Table 

S1).22,26,27 
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Figure 5. Printing resolution experiments. A) CAD model used to print scaffolds for determination 

of xy resolution. The widths of the positive and negative features are stated in µm. B) Microscopy 

images of printed HA-NB scaffold with 1000 µm layer height. Scale bar represents 500 µm. C) 

Measured width for protrusions (closed symbols) and channels (open symbols) for the HA-NB 

scaffolds printed with 1000 µm layer height compared to the theoretical width of the CAD model 

(dashed line).  

CONCLUSIONS 

In this work, HA-based thiol-ene inks carrying AE or NB functions were prepared, and their 

photocrosslinking behaviour was compared with that of the commonly used methacrylated ink HA-

MA. The syntheses of HA-AE and HA-NB were optimized to obtain the polymers in one step 

under aqueous conditions and to decrease the time and solvent required for dialysis. In 

photorheology and DLP printing studies, HA-NB crosslinked over 4 times faster than HA-MA. 
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Both thiol-ene inks showed higher temporal control over the network formation, with stiffness only 

increasing during illumination while the stiffness of the HA-MA network continued to rise in the 

dark state between illumination periods. Because of the different network structures, the stiffness 

of the thiol-ene hydrogels was lower than in the methacrylated ones after extended curing. 

Scaffolds were printed with feature sizes down to 100 µm. This detailed insight into the 

photocuring behaviour and printing performance of HA-based thiol-ene inks will support efforts to 

design bioprinted scaffolds with optimized print times and mechanical properties.  
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Figure S1. 1H NMR spectra of A) HA-NB, B) HA-AE, and C) HA-MA in D2O. For A), the vinyl 

proton ‘a’ from the norbornene group (6.26–6.00 ppm) were set as reference to Ia = 2.00 meaning 

that the number of norbornene groups was n = 2.00 / 2 = 1.00. The number of hyaluronic acid 

protons was determined by integrating the signal of the acetyl protons ‘b’ and the quaternary 

proton of norbornene ‘c’ (2.03–1.87 ppm) by subtracting the integral of the latter one found in the 

starting material 5-norbornene-2-methylamine where Ic = 0.84. This value is smaller than 1 

because the used 5-norbornene-2-methylamine contains both, endo- and exo isomers. This results 

in a number of hyaluronic acid disaccharide units of m = (Ib+c – Ic) / 3 = (7.94 – 0.84) / 3 = 2.37. 

Comparing the ratio of norbornene groups versus the number of HA repeating units gives a 

functionality of Fene = n / m = 1.00 / 2.37 = 0.42. For B), the integral of vinyl protons signal ‘d’ 

from the allyl ether group (5.38–5.26 ppm) was set as reference to Id = 2.00 which corresponds to 

n = Id / 2 = 2.00 / 2 = 1.00 allyl ether groups. The integral protons ‘e’ from the acetyl group in N-

acetyl-D-glucosamine (2.03 ppm) were used to calculate the number of hyaluronic acid repeating 
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units m, i.e. m = Id / 3 = 7.27 / 3 = 2.42. The Fene was then calculated by calculating the ratio 

between allyl ether groups n and HA repeating units m, i.e. Fene = n / m = 1.00 / 2.42 = 0.41. For 

C), the one of the two vinyl protons ‘f’ from the methacrylate group (6.12 ppm) was used as 

reference with Ie = 1.00 corresponding to n = Ie / 1 = 1.00 / 1 = 1.00 methacrylate groups grafted 

onto to the polymer backbone. The integral of the proton signals f–g (1.97–1.82 ppm) is used to 

calculate the number of the HA repeating units m by subtracting the methyl protons e of the 

methacrylate group, i.e. m = If / 3 = (If+g – 3) / 3 = (10.48 – 3) / 3 = 2.49. The ratio of 

methacrylate groups n and HA repeating units determined the functionality to be Fene = n / m = 

1.00 / 2.49 = 0.40. 

 

 

Figure S2. Representative SEC elugrams of different HA-NB and HA-AE batches purified by 

precipitation (A–B) and dialysis (C). 
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Figure S3. Viscosity measurement of HA-X derivatives as function of the shear rate. 

 

Figure S4. Evolution of storage modulus G’ (continuous line) and loss modulus G” (dashed line) 

of HA-NB precursor solutions during photocrosslinking with light (365 nm) with light intensities 

between 1–6 mW cm-2 (N = 1). Exposure started at t = 0 s. 
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Table S1. Physicochemical properties of HA inks used for printing in selected reports. 

Reactive 

group 

Fene 

(%) 

MWHA 

(kDa) 
[HA-X] Crosslinker 

Printing 

technique 

Viscosity 

(mPa s) 

Storage 

Modulus 

G’ (kPa) 

Young’s 

Modulus E 

(kPa) 

xy 

Resolution 

(µm) 

Ref. 

NB 50 60 3% w/w PEG2SH inkjet 8 0.8 - - 1 

NB 40 74 2% w/w DTT extrusion - ~ 6 - - 2 

MA 100 

88 

0.6% w/w dithiol-

functionalized 

admantane-β-

cyclodextrin 

DLP ~60 a) 

~14 (IPN) 

~11  

(HA-NB 

only) 

- ~250 3 
NB 40 4.5% w/w 

NB 40 88 5% w/w DTT DLP ~200 a) ~0.01 - ~400 4 

MA 14 1000 1-2% w/v - DLP 4-13 a) - 1.3-4.5 ~360 5 

MA 22 90 5% - extrusion <1000 ~11 - - 6 

MA 5-7 1700 3% w/v - extrusion - 2.6 - - 7 

SH 45 51 2.5% w/v 
PEGDA 

PEG-di-allyl 
extrusion ~10 - ~5 - 8 

NB 36-42 

40-50 4% w/v 
DTT 

DLP ~20-60 a) 8-27 - ~100 
This 

study 

AE 40-47 

MA 39-42 - 

a) at 100 s-1 shear rate 
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